An experimentally based, quantitative understanding of the entrapment and function of small peptides within PEO brush layers does not currently exist. Earlier work provided a rationale for expecting that an ordered, compact peptide will enter the PEO phase more readily than a peptide of similar size that adopts a less ordered, less compact form, and that amphiphilicity will promote peptide retention within the hydrophobic region of the PEO brush. Here we more deliberately describe criteria for peptide integration and structural change within the PEO brush, and discuss the reversibility of peptide entrapment with changing solvent conditions. For this purpose, circular dichroism (CD) was used to record the adsorption and conformational changes of (amphiphilic) WLBU2 and (non-amphiphilic) polyarginine peptides at uncoated (hydrophobic) and PEO-coated silica nanoparticles. Peptide conformation was controlled between disordered and α-helical forms by varying the concentration of perchlorate ion. We show an initially more ordered (α-helical) structure promotes peptide adsorption into the PEO layer. Further, a partially helical peptide undergoes an increase in helicity after entry, likely due to concomitant loss of capacity for peptide-solvent hydrogen bonding. Peptide interaction with the PEO chains resulted in entrapment and conformational change that was irreversible to elution with changing solution conditions in the case of the amphiphilic peptide. In contrast, the adsorption and conformational change of the non-amphiphilic peptide was reversible. These results indicate that responsive drug delivery systems based on peptide-loaded PEO layers can be controlled by modulation of solution conditions and peptide amphiphilicity.
INTRODUCTION
In an earlier paper, we suggested the potential for surface coatings based on entrapment of bioactive agents into PEO brush layers for short-term medical device applications [1] . In particular, strategies featuring drug-loaded but otherwise nonfouling coatings for blood contact hold promise for enhancing the performance of medical devices, ranging from anti-infective catheters to hemoperfusion modules with microscale flow features. Lampi et al. [1] used optical waveguide lightmode spectroscopy (OWLS) to describe the adsorption of poly-L-glutamic acid and the cationic amphiphilic peptide WLBU2 at polyethylene oxide (PEO) brush layers.
Circular dichroism (CD) was also used to describe the structures of poly-L-lysine and WLBU2 at solid, hydrophobic surfaces, and in the PEO brush. The solution structure of each peptide was controlled between disordered and more ordered (α-helical) forms by varying the salt concentration in the peptide solutions. Although protein adsorption at sparse PEO brush layers is predicted and observed in practice [2] [3] [4] , an experimentally based, quantitative understanding of the adsorption and function of small peptides at PEO brush layers does not currently exist. The results of our previous work [1] provide a rationale for expecting that a more ordered and compact (e.g. α-helical) peptide will enter the PEO phase more readily than a peptide of similar size that adopts a less ordered, less compact form. Furthermore, because a hydrophobic inner core is predicted to exist in PEO brushes [5] , it is expected that amphiphilicity will promote the retention of peptides within this region of the PEO brush. WLBU2 (RRWVRRVRRWVRRVVRVVRRWVRR) is an engineered, 24-residue cationic amphiphilic peptide (CAP), with 13 positively charged arginine residues, and 11 nonpolar valine or tryptophan residues. It shows substantial promise for clinical applications, due to its wide spectrum antimicrobial activity against both Gram-negative and Gram-positive bacteria under physiological conditions. Segregation of the positively-charged Arg and hydrophobic Val/Trp groups onto opposing faces of an α-helix confers the ability to disrupt bacterial cell membranes, even when immobilized [6] [7] [8] [9] [10] [11] [12] . While the hydrophobic residues in WLBU2 make it a highly amphiphilic peptide, poly-L-arginine (PLR) is chemically homogeneous and not amphiphilic, and thus serves as an excellent control for the effects of amphiphilicity on peptide adsorption and entrapment in PEO brush layers. When dissolved in water under neutral pH, polyarginine adopts a combination of random and extended (e.g. polyproline-II and 2.5 1 helix) structures, while WLBU2 shows little appreciable stable structure [1, [6] [7] [8] [9] [13] [14] [15] [16] [17] . However, in the presence of perchlorate ion ( 4 ClO  ), both peptides will adopt a rigid α-helical structure [16] .
In this paper, we more deliberately describe criteria for integration and structural changes of peptides within the PEO brush, and discuss the reversibility of peptide entrapment with changing solvent conditions for amphiphilic and non-amphiphilic motifs. For this purpose, circular dichroism (CD) was used to record the adsorption and conformational changes of PLR and WLBU2 at bare (hydrophobic) and PEO-coated silica nanoparticles. In order to elucidate the effect of structure on peptide interaction with the PEO brushes, the solution conformation of polyarginine and WLBU2 peptides was controlled between the disordered and α-helical forms by varying the concentration of perchlorate ion.
MATERIALS AND METHODS

Peptides and materials
Lyophilized 30-residue average (4.7 kDa, PDI < 1.20) synthetic poly-L-arginine hydrochloride (PLR) was purchased from Alamanda Polymers (Huntsville, AL). PLR was dissolved at 5.0 mg/mL in HPLC water, and separated into 1.0 mL aliquots that were frozen and thawed prior to each experiment. The 5.0 mg/mL PLR stock was diluted to 0.2 mg/mL in HPLC water, or with 0.05 M or 0.5 M perchloric acid (HClO 4 ), to invoke either disordered or helical conformations, respectively. Similarly, lyophilized WLBU2 (3.4 kDa) was purchased from GenScript (Piscataway, NJ), and dissolved at 5 mg/mL in HPLC water and frozen in 1 mL aliquots. The WLBU2 stock solution was thawed prior to use, and diluted to 0.2 mg/mL in HPLC water, or with 0.2 M or 0.5 M HClO 4 . All peptides were used as supplied, without further purification.
Diluted peptide solutions were degassed for 40 min under vacuum immediately before use.
Self-assembled PEO brush layers were formed by suspension of hydrophobic silica nanoparticles (R816, Degussa, 190 m 2 /g, 10-12 nm) in Pluronic® F108 (BASF) in HPLC water for 10 h on a rotator. About 3.3 mg/m 2 of F108 are required for complete surface coverage [18] ; a 5x excess of F108 over this amount was used to ensure good coverage of the silica nanoparticles.
Uncoated and F108-coated nanoparticles were then incubated with PLR or WLBU2 at 0.2 mg/mL under different solvent conditions, for a desired period of time (2h to 7 d) at 20 °C. Nanoparticle concentrations (2 mg/mL and 10mg/mL) were selected based on previous OWLS results [1] , and provided either sufficient surface area for complete adsorption of the peptide, or a 5x excess surface area for adsorption (to minimize peptide-peptide interactions).
Evaluation of peptide secondary structure
Peptide secondary structure in the presence or absence of nanoparticles was evaluated in triplicate by circular dichroism (CD) using a Jasco J-815 spectropolarimeter (Easton, MD) at 25 °C. The spectra from each of the three replicates for each sample were nearly identical, with only slight (~5%) differences in signal intensity; representative spectra are shown throughout.
The instrument was calibrated using 0.6 mg/mL D(+)-camphorsulfonic acid. Spectra were recorded in a cylindrical cuvette (0.1 cm pathlength) from 185 to 260 nm in 0.5 nm increments, and10 scans were averaged in order to increase the signal-to-noise ratio. The 0.2 mg/mL peptide samples prepared as outlined above were filtered (0.20 µm) prior to contact with nanoparticles and recording of CD spectra. Nanoparticles were rinsed by centrifugation (10,000 rpm, 20 min) and removal of the supernatant, after which the pellet was resuspended in water or HClO4 of desired concentrations, and the process repeated a total of three times. All CD spectra were blanked against peptide-free solutions or NP suspensions.
Stabilization of F108 coatings on OWLS waveguides
SiO 2 -coated OW2400c OWLS sensors were purchased from MicroVacuum (Budapest, Hungary). Sensors were cleaned using 3% aqueous SDS (30 min) followed by 10 min wash in 5:1:1 mixture of H 2 O:HCl:H 2 O 2 solution at 80 °C for 10 min. After cleaning, surfaces were rinsed with water, and dried under a stream of nitrogen. The sensor surfaces were then modified by vapor deposition of trichlorovinylsilane (TCVS, TCI America, Portland, OR). 200 μL of TCVS was evaporated at 20°C into a stream of dry nitrogen carrier gas, which was directed over the waveguide surfaces for 4 hrs. The silanized waveguides were then immersed in a solution of 5% w/v Pluronic ® F108 in water, and were rotated in solution overnight. After incubation, samples were γ-irradiated with a 60 Co source to a total dose of 3 kGy to covalently the F108 to the surface [19, 20] . The irradiated waveguides were rinsed with water, dried with N 2 , and stored desiccated under N 2 in the dark until used.
Measurement of the rate and extent of peptide adsorption
Peptide adsorption was measured with an OWLS 210 instrument (MicroVacuum, Budapest, Hungary). A Rheodyne manual sample injector was used to inject sample solutions through a flow loop (~4.0 mL) into the OWLS flow cell. Flow rates were maintained at 50 µL/min for 40 minutes of sample adsorption time, and solution temperature was kept at 20 °C by the internal TC heater/cooler unit. Incident angle scans were performed from -5° to 5° at a step size of 0.01°.
Both peaks of each of the transverse electric and magnetic modes were measured to determine the relative refractive index of the surface adlayer. OWLS experiments began with a baseline of peptide-free water or perchloric acid, followed by injection of 0.1 mg/mL peptide in either water or perchloric acid, and a subsequent rinse with either perchloric acid or water. A single OWLS experiment was performed for each adsorption/rinse condition. Reproducibility of OWLS measurements is high, typically with less than 5% variation in the plateau adsorbed mass at each adsorption/rinse step [21, 22] .
RESULTS AND DISCUSSION
Effect of perchlorate ions on structure of PLR
Polyarginine (PLR) exhibits a "disordered" (polyproline-II) structure in water under pH < 12, and an α-helical structure under pH > 12 [14] . However, pH could not be used in this study to influence peptide structure, as the silica nanoparticles used for CD would be hydrolyzed at basic pH [23] . Instead, perchlorate ions ( 4 ClO  ) were used to induce the α-helical conformation of PLR [16] . Circular dichroism spectra of PLR show it to be disordered in water, but the peptide becomes more helical with increased concentration of perchloric acid (Figure 1, left) . This structural change is indicated by the change in the spectrum from a characteristic "random coil" to "α-helix" form, as well as an increase in ellipticity at 222 nm [24] [25] [26] . Deconvolution of representative CD spectra with Dichroweb [27, 28] indicate that the helicity of PLR increases from approximately 2% in water to 31% in 0.05 M HClO4, and reaches 61% α-helix in 0.5 M HClO 4 .
Effect of perchlorate ions on structure of WLBU2
While WLBU2 is almost completely disordered in water [9] , it exhibits a high α-helix content in HClO 4 , increasing from 3% in water to 15% in 0.2 M or 30% in 0.5 M HClO 4 , respectively ( Figure 1, right) . The lower α-helix content observed for WLBU2, when compared to PLR at equivalent HClO 4 concentrations, may be due to the lower arginine content (13 of 24 amino acids) of WLBU2. However, computed "absolute" helicity values are dependent upon the model implemented in the software, and should only be used for comparative purposes [24, 28] .
HClO4 concentrations above 0.5 M did not further increase the calculated helicity of either PLR or WLBU2 in an aqueous milieu (data not shown), although WLBU2 is reported to reach 81% αhelix in a membrane-mimetic solvent (20% trifluoroethanol) [9] . No conformational change was observed for either PLR or WLBU2 in aqueous solutions of PEO (data not shown), indicating that peptide conformation is largely unaffected by the presence of free PEO chains. This implies that any structural change observed in the presence of a PEO brush is due to the unusual environment of the brush layer, and cannot be attributed to individual PEO-peptide interactions. 
Adsorption of disordered PLR and WLBU2
Both WLBU2 and PLR show substantially disordered structure when dissolved in water ( Figure   1 ). Our previous OWLS and CD experiments showed that disordered poly-L-lysine (PLL) and WLBU2 have little affinity for F108-coated surfaces [1] . Here, we applied CD to the evaluation of PLR and WLBU2 structure in the presence and absence of uncoated (hydrophobic) and F108coated nanoparticles. Spectra recorded for disordered PLR in the presence of uncoated and F108coated nanoparticles are quite similar (Figure 2 ). The CD signal is greatly decreased after washing the bare or coated nanoparticles one time with water. This result indicates that the disordered peptides do not interact strongly with the nanoparticles, and are easily eluted from bare or F108-coated surfaces. Similar behavior has been observed for disordered PLL at hydrophobic and F108-coated OWLS sensors [1] . Presumably, the large solution volume of the swollen, "disordered" peptide prevents penetration and integration into the PEO brush. Slightly more PLR was retained on the bare nanoparticles, presumably through electrostatic interactions between the positively charged guanidinium groups and negatively charged uncoated nanoparticle surface. However, this interaction with the bare surface is apparently too weak to cause any substantial conformational changes in the PLR [29] . Figure 2 . CD spectra of PLR in water, and in suspension with uncoated and F108-coated nanoparticles before and after washing.
As with PLR, the "disordered" conformation of WLBU2 in water is similar and independent of the presence or absence of F108-coated nanoparticles. The loss of CD signal indicates that the peptide was almost completely removed after washing with water ( Figure 3 ).
However, a substantial conformational difference was observed for WLBU2 in water and in suspension with bare, hydrophobic nanoparticles. Unlike PLR, WLBU2 is amphiphilic and its hydrophobic groups have great affinity for the uncoated hydrophobic surface. We speculate that initial adsorption of the hydrophobic side-chains (which are ordered along one face of the helical form of the amphipathic peptide) favors the formation of a partially α-helical structure on the surface. The CD signal is only partially reduced by washing with water, indicating that a large population of adsorbed and non-elutable peptides remains on the nanoparticles. Figure 3 also suggests that the wash preferentially removes loosely-bound "disordered" peptides, as the remaining adsorbed peptides produce a weak yet characteristic α-helical spectrum. Figure 3 . CD spectra of WLBU2 in water, and in suspension with uncoated and F108-coated nanoparticles before and after washing.
Adsorption of α-helical PLR and WLBU2
As discussed above, both PLR and WLBU2 are substantially α-helical (61% and 30%) in 0.5M HClO4. The α-helix conformation of PLR in 0.5M HClO 4 was mostly independent of the presence of uncoated hydrophobic nanoparticles (Figure 4, left) . However, the helicity of PLR increased slightly, from 61% to 82%, in the presence of F108-coated nanoparticles. This phenomena is more obvious in Figure 4 (right), in which PLR of a lower helicity (31% in 0.05 M HClO 4 ) was added to suspensions of uncoated and F108-coated nanoparticles. Again, no conformational change occurred in the presence of the uncoated nanoparticles, but an increase in helicity (from 31% to 49%) was observed in the presence of the F108-coated nanoparticles.
These results suggest that interactions between the peptide and the hydrophobic core of the PEO brush, in which a peptide with a small amount of initial α-helix conformation becomes more helical as a result of contact with the brush. In contrast, a completely disordered peptide is completely excluded from the brush and undergoes no conformational change.
Perchlorate ions stabilize a peptide's α-helical structure by competing with water molecules which would normally solvate the peptide, causing a loss of hydration and promoting the intrapeptide hydrogen-binding characteristic of the α-helix conformation [30] . Theoretical and experimental evidence suggests that a hydrophobic region that is favorable for protein adsorption exists in the interior of a PEO brush [4, 5, 31] . A similar effect is expected when a partially dehydrated, helical peptide penetrates into the hydrophobic inner region of the PEO brush, promoting the peptide's further dehydration and increasing its helicity. Similar conformational changes in response to the hydrophobic cell membrane are thought to be responsible for PLR's cell-penetrating and cytotoxic properties [32] . 
Stability of peptides at nanoparticle surfaces
The data presented thus far suggest that an increase in α-helix conformation is associated with integration of the peptides into F108 brushes. If so, these peptides should be more resistant to elution than would peptides which were conformationally changed but merely loosely-bound or unassociated with the brush. Uncoated and F108-coated nanoparticles were incubated with α-helical PLR in 0.5 M HClO 4 solution, and then washed twice with 0.5 M HClO 4 (maintaining conditions which promote α-helix structure). The partial decrease in CD signal after each wash with 0.5 M HClO 4 ( Figure 5 ) is consistent with some loss of peptide with each rinse. However, the residual CD signal after washing indicates that considerable α-helical peptide remained on both surfaces after rinsing them with HClO 4 . Importantly, the spectra are nearly identical in the presence or absence of F108, suggesting that the interactions of the helical peptide with the hydrophobic surface are closely mimicked by the apolar conditions which are expected to exist within the F108 brush [4, 5] .
In contrast, however, when the nanoparticle suspensions were contacted with α-helical PLR in HClO 4 and then washed with water, the peptide was nearly completely eluted from both F108coated and uncoated surfaces ( Figure 5 ), although a small residual signal suggests some ordered helical form for the remaining peptides. Remarkably similar behavior was observed for nanoparticles contacted with "disordered" peptides in water ( Figure 2) . The bulk concentration of perchlorate ion would be greatly reduced during washing, thus eliminating the helixstabilizing microenvironment and allowing the peptide to resume a "disordered" conformation.
Taken together, these results suggest that elution of peptides from the F108 brush is at once governed and controllable by bulk solution conditions. 
Optical waveguide lightmode spectroscopy (OWLS)
OWLS experiments were carried out to verify that α-helical peptides are stably adsorbed on F108-coated surfaces, and their rate of elution is primarily determined by solution conditions ( Figure 6 ). One obvious criticism of the CD experiments is that the F108 is not covalently linked to the nanoparticle surface, and thus some results might be interpreted as competitive displacement of the triblocks by the peptides (especially the inherently amphiphilic WLBU2).
Although no obvious desorption of triblocks by nisin (a CAP of similar size to WLBU2) was observed in previous work [18, 33] , we investigated peptide adsorption at immobilized F108 brushes using TCVS-modified OWLS waveguides on which we covalently immobilized F108 using γ-irradiation [18, 19] . Results with polyarginine in water ( Figure 6 ) are entirely consistent with those in this work: contact of the F108-coated waveguide with disordered PLR resulted in negligible adsorption, while ordered peptide adsorbed strongly. As suggested above, the adsorbed α-helical peptide was relatively resistant to elution under helix-promoting solution conditions, but was quickly and completely desorbed when eluted with water (which favors the "disordered" form of the peptide, Figure 5 ). Changes in peptide structure in F108 brushes WLBU2 in 0.5 M HClO 4 (initially 30% helical) achieves considerable α-helix content (39%) after adsorption onto a bare hydrophobic surface (Figure 7 , left) and into a PEO layer (43% helical). The increase in helicity is more obvious in Figure 7 (right), when WLBU2 is in 0.2 M HClO 4 (initially 15% α-helical), its helicity increases to 43% after entrapment into the PEO layer.
Importantly, regardless of the initial helicity, the final α-helix content of the adsorbed WLBU2 is the same (43%) after adsorption into a PEO layer. This is different from the behavior of PLR (Figure 4 ), suggesting a conformational change due to the strong interaction between hydrophobic groups on the peptide and the hydrophobic inner region of PEO layer. Figure 7 also suggests that the interaction between WLBU2 and the PEO brush, while strong, allows for good molecular flexibility, since the final helicity of partially-ordered WLBU2 in the PEO brush is greater than on the bare surface (Figure 7 , right). As previously described with PLR, uncoated and F108-coated nanoparticles were incubated with α-helical WLBU2 in HClO 4 solution, and then washed with HClO 4 or water. In all cases, a small fraction of peptide was removed by washing ( Figure 8 ). However, while changing the solvent from the helix-promoting HClO 4 to water (which favors a "disordered" conformation) resulted in nearly complete loss of PLR (see Figure 5 and Figure 6 ), solution changes had little effect on the intensity or shape of CD spectra of adsorbed WLBU2 (Figure 8 ). It is reasonable to expect that amphiphilicy is the cause of this retention of WLBU2 (but not PLR) at F108-coated surfaces following a solvent change. While WLBU2 present in the hydrophilic outer region of PEO layer might be removed by rinsing with peptide-free buffer, an amphiphilic peptide WLBU2 which is entrapped in the hydrophobic inner region should show greater resistance to elution than would a non-amphiphilic peptide PLR. Moreover, the WLBU2 entrapped in the brush maintains its αhelical structure, even when the surrounding solvent has been changed from HClO 4 to water ( Figure 8 ), while entrapped PLR undergoes a helix-coil transition in response to changes in solution conditions ( Figure 5 ). Unlike the disordered peptides ( Figures Figure 2Figure 3) , which do not interact with the interior of the brush, the spectra of PLR and WLBU2 on F108-coated and uncoated hydrophobic nanoparticles (Figures Figure 5 and Figure 7 ) are quite similar. This is consistent with partial helix formation in the peptides, which is presumably induced by either the hydrophobic environment at the particle surface or in the inner region of the brush. In summary, an initially more ordered (α-helical) structure promotes the adsorption of a peptide into the PEO layer. A partially helical peptide undergoes an increase in helicity, probably due to the loss of peptide-solvent H-bonding in the apolar region within the brush [16, 32] . An amphiphilic peptide (e.g. WLBU2) is expected to have a much stronger interaction with the hydrophobic inner region of the PEO layer than a non-amphiphilic one (e.g. PLR). This interaction results in entrapment and conformational change of the amphiphilic peptide that is irreversible with respect to elution. In contrast, the adsorption and conformational change of nonamphiphilic peptides are reversible, making such peptides highly elutable because of their weak interaction with the brush.
CONCLUSIONS
The results reported here direct us to expect that some minimal degree of structural order (αhelix) is necessary for peptide entry into the PEO layer, and that peptide location within the hydrophobic inner region of the PEO brush may result in an increase in α-helix content. Once the non-amphiphilic peptide polyarginine (PLR) was entrapped among the PEO chains of the F108 brush, we found it to be partially elutable as long as the same helix-stabilizing solvent used during the adsorption step was used for elution. However, in contact with water (which favors its disordered, non-adsorbable conformation), the adsorbed PLR was entirely elutable.
In contrast, the amphiphilic peptide WLBU2 was highly resistant to elution in all cases, even upon contact with a solvent which promotes its disordered form. Previously, we suggested that the well-known helix-coil transition of homopolyamino acids (e.g. PLL or PLR) might be used to reversibly anchor peptides or their conjugates within a PEO brush as a novel drug-delivery strategy. It appears, however, that the property of amphiphilicity (such as exhibited by WLBU2) is required to control peptide desorption from a PEO brush when the bulk solution conditions are changed.
This work provides direction for development of responsive drug delivery systems based on modulation of solvent conditions and bioactive peptide structure within PEO brush layers.
Previous studies indicate that cationic peptides entrapped in PEO brushes are protected from competitive elution by large blood proteins (e.g. fibrinogen) [34, 35] . In addition, our recent work indicates that peptide-loaded brushes retain their ability to repel fibrinogen (unpublished data). Therefore, the presence of a PEO layer at the surface of medical devices could stabilize entrapped therapeutic peptides against competitive desorption by blood proteins, as well as provide desirable non-fouling characteristics to the device. Entrapment of therapeutic peptides may also support novel drug delivery strategies (e.g., PEO-coated nanoparticle carriers) that can potentially overcome barriers to oral delivery of peptide drugs [36] . Work currently underway in our laboratory toward these ends features the sequential and competitive adsorption behavior of peptide and peptide-protein mixtures at pendant PEO brush layers, and will contribute to the subject of future reports.
